ABSTRACT It has been demonstrated that a ''near-Levinthal'' cooperative mechanism, whereby the common G o o interaction scheme is augmented by an extra favorability for the native state as a whole, can lead to apparent two-state folding/unfolding kinetics over a broad range of native stabilities in lattice models of proteins. Here such a mechanism is shown to be generalizable to a simplified continuum (off-lattice) Langevin dynamics model with a C a protein chain representation, with the resulting chevron plots exhibiting an extended quasilinear regime reminiscent of that of apparent two-state real proteins. Similarly high degrees of cooperativity are possible in G o o-like continuum models with rudimentary pairwise desolvation barriers as well. In these models, cooperativity increases with increasing desolvation barrier height, suggesting strongly that two-statelike folding/unfolding kinetics would be achievable when the pairwise desolvation barrier becomes sufficiently high. Besides cooperativity, another generic folding property of interest that has emerged from published experiments on several apparent two-state proteins is that their folding relaxation under constant native stability (isostability) conditions is essentially Arrhenius, entailing high intrinsic enthalpic folding barriers of ;17-30 kcal/mol. Based on a new analysis of published data on barnase, here we propose that a similar property should also apply to a certain class of non-two-state proteins that fold with chevron rollovers. However, several continuum G o o-like constructs considered here fail to predict any significant intrinsic enthalpic folding barrier under isostability conditions; thus the physical origin of such barriers in real proteins remains to be elucidated.
INTRODUCTION
In our investigation of protein folding, certain seemingly mundane, generic experimental properties of proteins have proven to be surprisingly informative. This springs from the realization that these properties are not readily reproduced by most of the current explicit-chain polymer models. Therefore, by requiring a chain model to mimic these behaviors, significant constraints are placed on the possible forms of the protein folding potential function. Among such properties, a defining characteristic in the folding of many small, singledomain proteins such as chymotrypsin inhibitor 2 (CI2) is the linearity of the folding and unfolding arms of their chevron plots (1), a feature that has also been termed kinetic cooperativity (2) . Another remarkable yet less explored property is that some proteins' folding rates exhibit essential Arrhenius behavior under isostable (i.e., isostability) conditions (3, 4) . This feature is closely related but distinct from the usual thermodynamic and kinetic criteria for cooperativity. The present study focuses on both of these two generic properties.
Computationally, it is not yet feasible to ascertain the chevron behaviors of high-resolution atomic models of proteins, notwithstanding tremendous recent progress (5) (6) (7) . Whether common molecular dynamics force fields are sufficient for kinetic cooperativity remains an open question.
To date, chevron plots (8) have been obtained in several theoretical simulations using simplified chain representations, encompassing lattice (9) as well as continuum (offlattice) C a -based approaches (10) . In this-as in many other respects of protein folding-simplified (11, 12) , and even native-centric or G o o-like constructs, are useful for posing and addressing questions of general physical principles (13) (14) (15) (16) (17) (18) (19) . Most common simple G o o models are insufficient for predicting kinetic cooperativity, however. Recent advances (20) indicate that G o o-like models with essentially pairwise additive contact energies exhibit behaviors more akin to real proteins when they are simulated at the transition midpoint (21) than under thermodynamic conditions that are mildly to strongly favorable to the native state in the model. Indeed, consistent with this observation, although chevron rollovers are not typical for natural, small single-domain proteins (22, 23) , direct simulations of folding rates of several such G o o-like protein models under a range of native stability conditions, corresponding to that accessible by experiment, have led to chevron plots with severe rollovers (9, 10, 24) .
We have made a first step toward rectifying this discrepancy by showing that chevron plots with an extended quasilinear regime are achievable in native-centric lattice models when the common pairwise additive contact energies are augmented by physically plausible many-body interactions. These terms include, but are not necessarily limited to:
1. Imparting an extra energetic favorability to the native state as a whole. 2. Coupling local conformational preference with favorable nonlocal interactions, or both (25, 26) .
The first part of this article concerns an extension of scheme 1 (above) to a continuum model. The present scope does not include further exploration of interaction schemes with local-nonlocal coupling (scheme 2, above). It is noteworthy, nevertheless, that such an interaction scheme has provided a rationalization for the dependence of folding rate on contact order (27) in a lattice-model context (26) .
Conceptually, scheme 1 (above) means that the native state of a protein can attain an extra degree of stability from interactions that play little or no role during the kinetic folding process before the final assembly of the native structure. This idea is motivated by experimental data suggesting a partial separation between the interactions responsible for thermodynamic stability on one hand, and the driving forces for folding kinetics on the other (28, 29) . The interaction scheme 1 (above) is formally somewhat similar to a many-body native-centric lattice interaction scheme introduced independently by Jewett et al. (30) , although there are important differences (2, 25) . Obviously, the ultimate physical origin (or lack thereof) of any proposed effective intraprotein interactions should be formulated in terms of atomistic models that are based upon general, non-native-centric interactions. Nonetheless, in view of current limitations in both computational resources and theoretical understanding, native-centric considerations are a useful stepping stone to novel physics. Following this philosophy, here we implement a native-centric interaction similar to the lattice scheme 1 (above), but now in a continuum protein model with a simplified C a chain representation. This exercise is designed to assess under more realistic, off-lattice circumstances whether imparting extra favorability to the native state as a whole is effective for quasilinear chevron behavior.
Another generic feature of interest to the present study is the variation of folding rate with native stability and temperature. Protein folding rates generally depend strongly on temperature but are typically non-Arrhenius, i.e., they vary nonlinearly with the reciprocal of absolute temperature, 1/T (see, e.g., Refs. 31 and 32). A major cause of this behavior is that folding is driven by temperature-dependent solvent-mediated interactions. However, for several two-state proteins, folding kinetics becomes Arrhenius when the temperature dependence of folding rate is deconvoluted from the temperature dependence of native stability. This remarkable regularity was unmasked by ''global analyses'' of temperature and denaturant effects. Specifically, when temperature T is allowed to vary whereas native stability is maintained at a given level by adjusting denaturant concentration (i.e., DG f /k B T kept constant, where DG f is free energy of folding and k B is the Boltzmann constant), the resulting T-dependent folding rate was found to be essentially linear in 1/T (3, 4) . The height of the intrinsic enthalpic barrier to folding under such isostability conditions is protein-dependent, but are all rather high at ;20 kcal/mol. The physical origin of such high enthalpic barriers is yet to be determined. Nonetheless, it is obvious that they must play major roles in the energetics and cooperativity of protein folding.
Using experimental data from the literature, here we show that this feature is likely applicable to the folding of barnase as well. This is noteworthy: unlike the apparent two-state proteins for which global analyses have been performed, barnase is a non-two-state protein with a chevron rollover. Thus, our finding suggests a more broad-based phenomenon, that two-state as well as a certain class of non-two-state proteins generally possess high isostable intrinsic enthalpic folding barriers. Accordingly, this generic behavior may be used as an additional experimental criterion against which protein chain models can be evaluated. In lattice models, we have shown that a similar behavior can be produced by stipulating that the models' timescale, or ''Monte Carlo clock,'' has a strong temperature dependence, envisioned to arise from an assumed high enthalpic barrier for elementary conformational transitions (25, 33, 34) . However, the relationship between physical time and the number of Monte Carlo time steps is inevitably somewhat ad hoc in lattice modeling. Moreover, lattice-model considerations have not supplied a plausible physical origin for the rather great heights of these barriers. In any event, it is more relevant to explore this physical question in off-lattice, continuum models of protein dynamics. With this in mind, here we apply this new test to several continuum native-centric Langevin-dynamics models.
MODELS AND METHODS
Lattice models are also considered in this study. The relationship between thermodynamic and kinetic cooperativity in several representative lattice models (30, 35) will be explored. Here the lattice example in Fig. 1 illustrates how imparting an extra energetic favorability to the native state as a whole (upper panel of the figure) can lead to enhanced protein folding cooperativity. Relative to the pairwise additive G o o model, such a scheme gives rise to a higher free energy barrier between the folded and denatured states (Fig. 1, lower panel) at the folding/unfolding transition midpoint and hence a higher degree of thermodynamic or calorimetric cooperativity (2) . Kinetically, lattice dynamics simulations of several similar 27-mer models show that although pairwise additive G o o interactions lead to severe chevron rollovers, models with extra native favorability (large values of E gs ) have chevron plots that exhibit extended quasilinear regimes (25, 26) .
Here we implement an interaction scheme with a similar provision for extra native favorability in a continuum C a model. The present construct is based-with a simple modification-on the following commonly used native-centric potential (10, 16, 36, 37) , 
where N is the total number of C a atoms; r, u, and f are, respectively, the virtual bond length between successive C a positions, virtual bond angle, and virtual torsion angle along the chain sequence; and r 0 , u 0 , and f 0 are the corresponding native values from the PDB structure. In the last two summations, r ij is the spatial distance between two C a positions that are sequentially separated by at least three residues. For native contacts, r9 ij is the distance between the C a positions of contacting residues i and j. For nonnative contacts, r rep provides excluded volume repulsion. Using Langevin dynamics (38) , m_ v vðtÞ ¼ F conf ðtÞ ÿ mgvðtÞ 1 hðtÞ;
where m, v, _ v v, F conf , g and h are, respectively, mass, velocity, acceleration, conformational force, friction (viscosity) constant and random force. We have applied Eq. 1 to the N ¼ 64 truncated form of chymotrypsin inhibitor 2 (CI2) by equating the conformational force to the negative gradient of the above potential function, i.e., F conf ¼ ÿ=V total . We refer to this previous setup as the ''without-solvation'' model because it does not involve solvation/desolvation barriers (10), although the terms in Eq. 1 may be construed as accounting for certain other aspects of solvent-mediated interactions.
The new, more cooperative interaction scheme explored in the present work is obtained from this previous model by allowing for stronger interactions when the chain conformation is considered ''native.'' To this end, the conformational force term in the Langevin equation (Eq. 2) is hereby modified to
where a scaling factor E ns . 1 now provides for stronger native-centric forces to impart extra favorability to the native state as a whole. Q is the fractional number of native contacts, and Q ns is a threshold such that only conformations with Q $ Q ns belong to the stronger-interacting native-state ensemble. The Langevin force is identical to the original model for Q , Q ns . For Q $ Q ns , the E ns scaling applies to every term in V total except virtual bond stretching V stretching . This term is not modified because its only function is to maintain an essentially constant C a -C a distance. Physically, this distance is not expected to depend on whether the protein is in the native state. In any event, for the cases tested, the differences in predictions obtained from not scaling versus scaling V stretching by E ns for Q $ Q ns are negligible (data not shown). To compare with our previous CI2 results, here we apply this modified formulation to CI2 as well, to ascertain whether the altered interaction scheme specified by Eq. 3 is effective in affording a higher degree of kinetic cooperativity. The present analysis uses the set of 142 native contacts that we referred to as ''NCS2.'' We set E ns ¼ 1.8 and Q ns ¼ 117/142. The latter corresponds roughly to the Q-value of the native free energy minimum of the original (E ns ¼ 1) model under transition-midpoint conditions. We use
5e (e . 0) as before. Thus, for a given E ns , except for the virtual bond stretching factor K r , the overall strength of the interactions in the model is parameterized by e. We adopt the same values for m and g, employ the same procedure for generating the random force h, and conduct the Langevin dynamics simulations in the same manner as before (10) . This modified formulation is referred to as the scaled model. This prescription is a simple embodiment-among many theoretical possibilities-of the idea of extra native favorability. The conformational force in Eq. 3 is derived from two different potential functions for two separate regions of configurational space. As such, it is not defined as the negative gradient of a single potential; and probably this scaled interaction scheme is not expressible in terms of any single analytic potential function. Hence, the Langevin formulation in Eqs. 1-3 is similar in spirit but not entirely analogous to the previous lattice models that provide extra native favorability through an additional E gs energy term in the potential (25) . Continuum formulations that serve a similar purpose but are based on a single potential have not been explored; and they would likely involve more complex conformational forces.
Folding kinetics simulations in our scaled model are initiated from random conformations. Folding time is defined by the first passage time when Q $ Q ns ¼ 117/142 is achieved. Unfolding simulations start from the Q ¼ 1 PDB conformation; unfolding time is defined by the duration of simulation needed to first achieve Q # 25/142. As the main goal of this study is to test whether the scaled model affords an apparent two-state folding/unfolding kinetics that is consistent with native stability measurements (9), the computation of conformational population distribution is based on the same definition of folding and unfolding. Specifically, during conformational sampling of the scaled model, whenever the boundary Q ¼ Q ns is crossed from the unfolded to the folded side, the simulation is restarted from the PDB Q ¼ 1 conformation, with velocities from the previous time step. Physically, this prescription effectively stipulates that equilibration among the native Q $ Q ns conformations is rapid, even though the pertinent mechanisms might not have been fully taken into consideration in the simple formulation of the present scaled model. Technically, this procedure also serves to circumvent possible energy-non-conservation problems at Q ¼ Q ns . Fig. 2 compares the behavior of the original and scaled models. As a check, the average kinetic energies for the two trajectories in Fig. 2 Fig. 3 ). Folding and unfolding times at the transition midpoint are at least one order-of-magnitude longer for the scaled model than for the original model, consistent with the scaled model's much higher free energy barrier under midpoint conditions (Fig. 3) . Operationally, Fig. 2 b shows that the scaled model exhibits basic features of a polymer molecule that undergoes sharp folding and unfolding transitions. Thus, despite the scaled model's somewhat ad hoc construct, the model is useful in taking a step toward elucidating the mechanisms of cooperative protein folding.
To explore the dependence of folding rate on denaturant-versus temperature-induced changes in native stability, we assume that denaturant effects may be mimicked by a uniform weakening of the native-centric interactions (10) . Accordingly, we model constant-temperature denaturant concentration changes by varying e while keeping T fixed. This approach is consistent with the fact that native stabilities of small single-domain proteins are essentially linear in denaturant concentration, as model native stability at constant T is often an approximately linear function of e as well. In contrast, for temperature-induced changes in native stability, T is varied whereas e is kept fixed. The value K r in V stretching is kept constant (independent of e, T) in both sets of simulations.
RESULTS AND DISCUSSION
Quasilinear chevron plot of the scaled model Fig. 4 shows a chevron plot for the scaled model obtained by multiple kinetic simulations at a constant T. A prominent rollover is observed under strongly native conditions (ÿe more negative), with the folding rate (reciprocal of folding MFPT) peaking at ÿe/k B T ÿ1.2. A milder rollover is seen for unfolding under very strongly unfolding conditions (ÿe much less negative). This trend is similar to that of less cooperative native-centric continuum and lattice chain models (10, 24) . The hypothetical two-state chevron (V-shape) in this figure is constructed to be consistent with native stability. At any given e, the ratio of folding and unfolding rates afforded by the two inclined lines and their linear extrapolations is equal to the equilibrium population ratio at the same e, and native stability is estimated using population profiles (compare to Fig. 3 ) computed directly at different e-values (detailed data not shown).
The scaled model results in Fig. 4 affirm our previous argument that a certain degree of rollover of a chevron's folding arm is probably intrinsic to any physically plausible polymer model, and difficult to avoid altogether. More importantly, within this framework, Fig. 4 shows clearly that imparting extra favorability to the native state as a whole, which make it harder to unfold, can lead to more linear chevron behavior in a continuum model as have been demonstrated in a lattice context (25) . A comparison of the folding arm of the hypothetical two-state chevron with the simulated datapoints in Fig. 4 indicates that the two sets of rates do not begin to diverge until ÿln(MFPT) ÿ15.5. This translates into a quasilinear chevron regime that extends to a native stability of 9 k B T, which is comparable to the experimental zero-denaturant native stabilities of many single-domain proteins. In contrast, for the original nonscaled, essentially pairwise additive without-solvation model, the corresponding quasilinear regime extends only to a native stability of, at most, 4 k B T (compare to Fig. 7 in Ref. 10 ).
Enthalpic folding barriers under experimental isostability conditions
We now turn to the observation of essentially Arrhenius folding kinetics under isostability conditions, which is an intriguing feature that has emerged from the global analyses of at least two apparent two-state proteins (3, 4) , and is a remarkable experimental phenomenon that deserves theoretical attention. The observed pattern of behavior is summarized by the following simple relation,
where k f is the T-dependent folding rate along a given temperature/denaturant contour that maintains a constant value of DG f /T (the tilde character here serves to highlight this isostability constraint), T 0 is a reference temperature, and
is the slope of the folding rate versus 1/T plot along the given constant DG f /T contour. Here (3, 4) . By analyzing the fitted activation parameters from a set of more than 300 temperature-and urea-dependent folding rates of cold shock protein B (39), Scalley and Baker (3) found that the DH i z value for cold shock protein B is very similar to that of protein L. Subsequently, by applying a simplifying assumption on the original data that provide only a limited coverage of joint temperature/denaturant variation for chymotrypsin inhibitor 2 (CI2) (40) and the histidine-containing phosphocarrier protein (41) For transition-state analyses that stipulate ln(k f /T)-instead of ln k f -to be the quantity that varies linearly with an activation free energy divided by T (e.g., Ref. 42) , ð@ln½k f =T=@½1=TÞ DG f =T ¼ (slope) 1 T. Thus, if this derivative is used to define a slope, it would differ from Eq. 5 by the absolute temperature T. Nonetheless, since (slope) ;10 4 (4) and the variation in T in folding studies is generally ,10 2 , the variation in T is small relative to the overall magnitude of the slope. It follows that if the (slope) defined by Eq. 5 is independent of T, to a reasonable approximation the above derivative of ln [k f /T] is also essentially independent of T.
A general formulation
The above observations suggest that the following general formula for the logarithmic folding rate ln k f as a function of T and denaturant concentration [d] should hold to a good approximation for apparent two-state proteins with linear folding chevron arms:
Here
These relations imply that once the native stability and folding rate as a function of [d] (chevron plot) is known at a given T 0 , the temperature-and denaturant-dependent k f (T, [d] ) can be calculated via Eq. 6 by first matching the native stability at T, [d] with that at T 0 (Eq. 7). The intrinsic enthalpic barrier DH i z in Eq. 6 then accounts for the temperature difference (T versus T 0 ). Now, Eqs. 6 and 7 can be expressed as
to emphasize that the folding rate under any combined temperature/denaturant condition is a function only of DG f /T (or, equivalently, the dimensionless variable DG f /RT) and T. Therefore, whenever two or more such combined conditions lead to the same DG f /T, the differences in their folding rates are governed solely by their temperatures through a simple enthalpic dependence. In particular, for proteins with free energy of folding that varies linearly with denaturant, i.e.,
and m eq is the equilibrium m-value for the given denaturant, Eq. 7 implies that
Thus, it follows from Eqs. 6 and 7 that the function F in Eq. 8 is given by
for apparent two-state proteins.
A thorough experimental assessment of Eq. 8 requires a global analysis using extensive measurements to ascertain whether the general relationship applies to a given protein under multiple temperature/denaturant conditions (see above). Nevertheless, even in the absence of such extensive data, whether a protein's behavior is consistent with Eq. 8 can still be partially verified or falsified if rate data at more than one temperature are available. For instance, Eq. 8 implies that the difference between a temperature-dependent rate ln k f (DG f /RT;T) determined at zero denaturant and a denaturant-dependent rate ln k f (DG f /RT;T 0 ) measured at a fixed temperature (chevron plot) is given by
which is linear in 1/T with a slope equal to ÿDH i z /R. As an example, Fig. 5 presents such an analysis for the published NTL9 data: We first express the [d] ¼ 0, variable-T rate and the variable-[d], constant-T rate as functions of native stability DG f /RT (left panel) by using the TS/U and F/U thermodynamic parameters (for folding kinetics and equilibrium native stability, respectively), the kinetic and equilibrium m-values in Table 1 of Kuhlman et al. (4) , and the corresponding pre-exponential front factor used by these authors. (As far as the present analysis is concerned, we can be agnostic about the physical meaning of the thermodynamic parameters in Kuhlman et al.; their sole purpose here is to reproduce the experimental data.) We then compute the difference in rate under isostability condition (same DG f /RT) for the two sets of kinetic data (right panel) which, in agreement with Eq. 11, shows a linear dependence on 1/T with a slope ÿ9000 (DH i z 18 kcal/mol). The slope estimated from Whereas the above formulation is developed for apparent two-state proteins, the manifestly general form of Eq. 8, which involves neither m-values nor transition-state heat capacities, suggests that this relation may have wider applicability (33) , at least in the stability regime with essentially single-exponential kinetic relaxation (25, 26) , with the F function in Eq. 10 taking a more general form of
Now, for proteins with folding-arm chevron rollovers (m f no longer constant at T 0 ), but which still maintain a linear dependence of native stability on denaturant (m eq remains constant), Eq. 9 continues to provide an expression for [d] r that can be substituted into Eq. 12. More generally, when the dependence of native stability on denaturant is not necessarily linear, [d] r is determined by the isostability relation defined by Eq. 7.
The case of barnase
As a first evaluation of the generalized Eq. 12 to ascertain its applicability to proteins with chevron rollovers, we have performed isostability kinetic analyses on barnase (Figs. 6 Fig. 6 . We then check whether the isostability relation Eq. 11 holds for this set of data, noting that if Eq. 8 is generally valid, Eq. 11 should follow as a direct consequence irrespective of the functional form of F(DG f /T). The right panel of Fig. 6 demonstrates that this is indeed the case, the slope of the isostability rate difference versus 1/T plot is ;ÿ14,900, corresponding to DH It is quite remarkable that despite the large curvature exhibited by the 1/T dependence of its folding rate and its chevron rollover, a pattern of isostability behavior very much similar to that observed for apparent two-state proteins exists for barnase. Fig. 7 extends isostability analyses to the more recent experimental investigation of barnase folding in 2 H 2 O by Khan et al. (46) using guanidine hydrochloride as denaturant (whereas the barnase data in Fig. 6 are for a H 2 O solvent using urea as denaturant). As an illustration, folding rates for two different temperatures and at slightly different pD values are compared (left panel of Fig. 7) . Although Eq. 8 may not account for pH or pD effects, if the small pD difference in this case can be neglected, Eq. 8 implies that the difference in logarithmic folding rate should be a constant that equals DH i z (1/T 2 ÿ 1/T 1 )/R. Not inconsistent with this expectation, the right panel of Fig. 7 shows that for this dataset, the difference in ln k f is nearly though not exactly independent of DG f /RT. The logarithmic rate difference ln [k f (T 1 )/k f (T 2 )] ranges approximately from 1.9 to 2.3. This translates into a DH i z value of 29-35 kcal/mol, which is remarkably similar to the DH i z value obtained for the H 2 O/urea data in Fig. 6 , suggesting that intrinsic enthalpic folding barriers may be relatively independent of denaturant. This possibility deserves further studies. It also remains to be elucidated whether the weak yet existent dependence of Fig. 7 can be attributed chiefly to the pD difference-or whether it is an indication of more basic limitations of the general formulation in Eq. 8.
A simple lattice scenario for intrinsic enthalpic folding barriers
Explicit-chain modeling efforts to rationalize the empirical intrinsic enthalpic protein folding barrier have not been FIGURE 6 Isostability kinetic analysis reveals intrinsic Arrhenius relaxation in the folding of wild-type barnase. Data used in this analysis are from the experiments at pH 6.3 described in the text, using urea as denaturant. (Left panel) Logarithmic folding rate versus native stability from varying denaturant concentration at constant T 0 ¼ 298.15 K (datapoints exhibiting less curvature along the dotted curve) is compared with that from varying T at zero denaturant (datapoints along solid curve). Notation and units are the same as that in Fig. 5 . Here the dotted curve is a quadratic fit to the constant T ¼ T 0 data, extrapolated to exhibit a hypothetical maximum folding rate at DG f /RT ÿ40 (24). (Right panel) The difference between the two isostability logarithmic folding rates of barnase (solid curve) is seen to vary essentially linearly with 1/T (compare to fitted dotted straight line). extensive. Advances so far are limited to lattice models. As mentioned briefly above, it was proposed several years ago that Eyring and chevron plots of protein folding can be rationalized under a single physical framework in Monte Carlo model protein dynamics by using 1), a hydrophobiclike temperature-dependent intraprotein interaction; and 2), a temperature-dependent Monte Carlo clock (timescale in the model) that envisions the intrinsic rate of conformational transitions to speed up with increasing T and has an Arrhenius dependence (33, 34) . This approach has been applied to a couple of short-chain two-dimensional lattice models, and has led to results that are in qualitative agreement with experiment (see, e.g., Fig. 7 of Ref. 47) . Consistent with subsequent experimental findings on apparent two-state proteins (3), the T-dependent Monte Carlo clock presupposed by these lattice models implies a simple relationship between Eyring and chevron plots of protein folding, as the intrinsic enthalpic folding barrier discovered by experiments may be identified with the activation enthalpy for the Arrhenius intrinsic conformational transition rate in the model. The formulation has also been generalized to suggest that the Eyring and chevron plots of non-two-state proteins may also be linked by an intrinsic enthalpic folding barrier (33), as we have now verified for the case of barnase.
We now extend this approach to longer-chain threedimensional lattice models (Fig. 8) . Previous studies using short-chain two-dimensional lattice models are useful for general principles; but they are often not well-suited for more quantitative matches with experiment because their limited conformational freedom precludes an adequate modeling of the folding free energy barrier of real proteins. This is reflected by the fact that they often fail to produce the calorimetric two-state cooperativity observed experimentally for many relatively small proteins (48). Here Fig. 8 provides an isostability analysis of a recent three-dimensional lattice model. Similar to the earlier two-dimensional constructs, this model contains a temperature-dependent interaction e 0 (T) as well as a temperature-dependent Monte Carlo clock; however, Metropolis dynamics is used here instead of the Kawasaki dynamics employed in the earlier short-chain twodimensional models for chevron behavior (33) . As in Figs. 5 and 6, here both the constant-T folding rate at variable interaction strength (denaturant-dependent rate) and the variable-T folding rate (corresponding to zero denaturant in the model) are plotted in the left panel of Fig. 8 as functions of DG f /k B T. Plotting folding rate versus stability is a useful modeling technique (49) that serves to eliminate explicit dependence on model interaction parameters and facilitate more direct comparison with experiment (26) . Fig. 8 provides rationalization for the intrinsic enthalpic folding barrier in apparent two-state proteins as well as non-twostate proteins. The folding chevron arm of this model is essentially linear for DG f /k B T . ÿ10. This corresponds to a quasilinear chevron regime with a significantly wide range of native stability comparable to many real, small, singledomain proteins (25) . Accordingly, this region of the ln k f versus DG f /k B T curves in the left panel of Fig. 8 resembles that in Fig. 5 for NTL9. At the same time, this set of model results also shows a clear chevron rollover for DG f /k B T , ÿ15. Consequently, the curves in this region of the left panel of Fig. 8 exhibit a trend similar to that in Fig. 6 for barnase. When an isostability analysis identical to that in Figs. 5 and 6 is performed on these simulated rates, a single Arrhenius dependence is seen to cover both the quasilinear chevron regime and the stability regime with severe chevron rollover (Fig. 8, right panel) . In this case, the slope (20,000) of the Arrhenius dependence follows directly from the assumed temperature-dependence timescale given by the quantity ÿln [A(T)/A 0 ] in Kaya and Chan (25) , an input parameter of the model. Thus, in essence, this model attributes the entire intrinsic enthalpic folding barrier to the pre-exponential (front) factor that governs conformational diffusion (10, 34) , and thus is equivalent to ''Model I'' of Scalley and Baker (3) . It is conceptually difficult, however, to justify a uniformly high enthalpic barrier for all conformational transitions. Therefore, further investigation is imperative. 
Common continuum G o o models exhibit no isostable enthalpic barriers
To explore whether intrinsic enthalpic folding barriers DH i z of significant magnitudes are predicted by common continuum G o o-like native centric models, Fig. 9 compares two sets of kinetics of the scaled model. As discussed above, by design the constant-T, variable-e simulations model experimental variations of denaturant concentration at constant temperature, whereas the constant-e, variable-T simulations model experimental variations of temperature at constant denaturant concentration. Zero-denaturant conditions are identified with a certain choice of constant e. It is important to note that DH i z is different from the common enthalpic folding barrier obtained simply from a set of T-dependent folding rates whereas other conditions are kept constant. DH i z should be more amenable to modeling because the peculiar stability effect of hydrophobic-like temperature dependence has been factored out in the determination of DH i z (3). Based on the data in Fig. 9 , an isostability analysis of the model folding rates is presented in Fig. 10 . Unlike the above experimental (Figs. 5 and 6 ) and lattice-model (Fig. 8 ) isostability plots showing significant differences between constant-T versus variable-T folding rates, the left panel of Fig. 10 indicates that for the scaled model the two sets of rates are essentially identical. This isostability result follows directly from a similar e/k B T-dependent trend in Fig. 9 because DG f /k B T is essentially linear in e/k B T. Consequently, the right panel of Fig. 10 shows that DH i z 0 (slope 0). Therefore, with the present approach to modeling T and [d] variations, the scaled model does not predict a nonzero DH i z . Fig. 11 applies the same constant-T versus variable-T analysis to the ''without-solvation-SSR'' model. As described by Kaya and Chan (10) , this is a variation of the without-solvation model; the SSR construct posits shorter spatial ranges for the favorable native-centric contact-like interactions. Similar to the without-solvation model-but unlike the scaled model, the SSR model does not impart an extra energetic favorability to the native state as a whole. Similar to Fig. 9 , the upper panel of Fig. 11 shows that the constant-T and variable-T folding rates are nearly coincident. Since DG f /k B T is a function of e/k B T (lower panel of Fig. 11 , where unfolding free energy ¼ ÿDG f ), the near-coincidence of the two sets of rates implies that, in the present implementation, the without-solvation-SSR model does not possess a nonzero DH i z .
Models with elementary desolvation barriers: cooperativity increases with desolvation barrier height Fig. 12 further extends the isostability analysis to a class of ''with-solvation'' models (10, 50) . Unlike the scaled model, these models do not provide extra energetic favorability to the native state as a whole. A key feature that distinguishes the with-solvation models is that their favorable nativecentric contact-like interactions are governed by potential functions with desolvation barriers, which are introduced to take into account the particulate nature of water and mimic similar effects deduced from explicit-water simulations of potentials of mean force (10, (50) (51) (52) (53) (54) (55) (56) (57) . In principle, the height of these barrier may be deduced from explicit-water simulations of solvent-mediated interactions among small nonpolar solutes. However, desolvation barrier heights from such simulations are often sensitive to the water model used (58, 59) and are fundamentally dependent upon temperature and also not pairwise additive (59, 60) . It follows that the pairwise desolvation barriers in the present with-solvation models should be viewed as effective, ''renormalized'' quantities. Fig. 12 shows that kinetic cooperativity increases with desolvation barrier height. Whereas the model in Fig. 12 a with a low desolvation barrier has a quasilinear regime along the folding chevron arm that extends to a native stability of only ÿDG f 6 k B T, the corresponding chevron plot for the model in Fig. 12 b with a higher desolvation barrier has a quasilinear regime that extends to a higher ÿDG f 8 k B T (compare the double arrows in Fig. 12,  a and b ). For the model in Fig. 12 c with an even higher desolvation barrier, corresponding to the one proposed originally by Cheung et al. (50), it is not yet practical to compute a full, accurate chevron plot with our available computational resources because of the very slow folding and unfolding rates near the transition midpoint. Nonetheless, by matching the hypothetical two-state V-shape (obtained using bias potentials as in Fig. 3 ) with the directly simulated folding and unfolding rates under conditions somewhat removed from the transition midpoint, it is quite apparent that for this case the quasilinear regime of the folding chevron arm would most likely reach a native stability of ÿDG f . 10 k B T, and thus satisfies an empirical criterion for kinetic cooperativity (25) . This new result supersedes a previous observation by Kaya and Chan (10) , based on the model in Fig. 12 a, that pairwise additive solvation-like contribution is insufficient for kinetic cooperativity. Fig. 12 now indicates that kinetic cooperativity is likely achievable in models with sufficiently high pairwise desolvation barriers.
We now turn to the question of how the with-solvation modeling framework may or may not produce an intrinsic enthalpic folding barrier. This issue is not identical to that of cooperativity: The results on the scaled model above demonstrate clearly that a thermodynamically and kinetically cooperative model can still be lacking a nonzero DH i z . Now, similar to the approach taken for other continuum models studied above, in this first evaluation we have made the simplifying assumption in Fig. 12 that variations in denaturant concentration may be roughly captured by uniform, proportional changes of all native-centric forces in the model, including the potentials with desolvation barriers. Under this assumption, Fig. 12 shows that the constant-T and variable-T rates are essentially identical, irrespective of desolvation barrier height (and thus irrespective ] ¼ 0.408e such that the interaction energy is continuous. The conclusions of Kaya and Chan regarding the SSR models are not affected by this correction. Results from direct simulations (these include all kinetic data) remain unchanged. However, several results in Kaya and Chan that involve applications of thermodynamic histogram techniques need to be adjusted as follows: The heat capacity peaks of curves ii and iii in Fig. 5 of Kaya and Chan should be reduced to 3000 and 3500, respectively. The NCS2 stability curves and the hypothetical two-state chevron plot in Fig. 8 of Kaya and Chan should be replaced by the results in this figure; the corresponding corrections for NCS1 are very similar (data not shown). The front factor analysis for the withoutsolvation-SSR model in Fig. 12 d of Kaya and Chan should be replaced by the corresponding results in Fig. 13 b of the present article.
of cooperativity), very much similar to the situations in Fig. 9 and the upper panel of Fig. 11 . This means that no intrinsic enthalpic folding barrier is predicted by the present withsolvation construct if a fixed proportionality relation is imposed between pairwise desolvation barrier height and contact minimum energy. However, these observations do not preclude the possibility that more sophisticated variations of these models may lead to intrinsic enthalpic barriers; but that remains to be explored.
Kinetic relaxation and the transition state picture
The relaxation properties of the with-solvation model with a low pairwise desolvation barrier is examined in Fig. 13 a. Despite this model's chevron rollover, and similar to the The heat capacity curves iv and v in Fig. 5 of Kaya and Chan should both peak at k B T 0.88 and each peak value should be reduced by 5%. The first passage time distribution in Fig. 11 c of Kaya and Chan and the estimated single-exponential slopes and t 0 should be replaced by the results in Fig. 13 of the present article. The front factor analysis for the with-solvation model in Fig. 12 d of Kaya and Chan should be replaced by the corresponding results in the present Fig. 13 b. behavior of the without-solvation and without-solvation-SSR models (10), the distributions of first passage times (61, 62) 
where k is the (single-exponential) kinetic rate, and t 0 $ 0 is a minimum FPT to take into consideration the finite time needed for pre-equilibration after initiation of the kinetic process at t ¼ 0. In that case, for any finite FPT bin size Dt, ln [P(t)Dt] versus t should be a straight line with slope ¼ ÿk ¼ ÿ(MFPT ÿ t 0 ) ÿ1 (10) . Fig. 13 
where DG z is a thermodynamics-determined activation free energy and F is the corresponding front (pre-exponential) factor (the function F(e/k B T) here is equivalent to the function F(e, T) in Eq. 7 of Ref. 10). Fig. 13 b performs such an analysis for the without-solvation-SSR and one of the with-solvation models, with rate set equal to (MFPT) ÿ1 from the kinetic simulations. For these models, rate essentially depends only on the quantity e/k B T (Figs. 11 and 12 ). Similar to our previous conclusion for the without-solvation model (10) , Fig. 13 b shows that if the activation free energy is defined by a Q-based free energy profile, chevron rollovers in the without-solvation-SSR and without-solvation models may be attributed to nonconstant front factors that are highly sensitive to e/k B T. This phenomenon has been related to energy landscape ruggedness and kinetic trapping (9, 24, 66) . But the microscopic basis of chevron rollover (46, 67, 68 ) and their precise relationship with other free-energy-profilebased scenarios (69, 70) remain to be better elucidated.
Connection between thermodynamic and kinetic cooperativity
The interaction schemes of the continuum scaled model and the lattice construct in Fig. 1 may be termed ''nearLevinthal'' scenarios (25) . Unlike common G o o models with essentially pairwise additive interactions but without elementary desolvation barriers, and which have significant chevron rollovers (compare to Fig. 11) , the near-Levinthal models produce extended quasilinear regimes of chevron behavior. The key to this success in mimicking the apparent two-state folding of certain real proteins is in weakening the kinetic driving forces for folding in the physical accessible range of native stability (i.e., a less steep energy landscape for most of the conformational space), while at the same time ensuring sufficient thermodynamic stability by imparting an extra favorability to the native state as a whole (i.e., the native part of the energy landscape is ''pulled down''). Thus, these model energy landscapes share some similarities with (though not identical to) the golf-course-like Levinthal landscape (47) .
In the same vein, for models with pairwise desolvation barriers (Fig. 12) , folding kinetics is expected to become two-state-like when the desolvation barrier heights are sufficiently high because the desolvation barriers tend to destabilize conformations with intermediate compactness and partially native structures. Thus, for a significant fraction of the conformational space encompassing open and semicompact chains, the desolvation barriers have a major effect in the reduction of the average energetic drive toward the native structure, while maintaining a high degree of thermodynamic stability for the native state as a whole (after all desolvation barriers are surmounted). As such, models with extra favorability for the native state as a whole as well as models with high pairwise desolvation barriers may be viewed as near-Levinthal interaction schemes. They both increase the thermodynamic cooperativity of the model by disfavoring conformations with intermediate energetic favorability. Therefore, their two-state-like folding kinetics suggests that thermodynamic and kinetic cooperativity in protein folding should be strongly correlated.
To further illustrate this general perspective, we consider another recently proposed lattice model (Fig. 14) , which entails many-body, non-pairwise-additive interactions in the form of a presumed nonlinear relationship between energy and the fractional number of native contacts Q (30). Relative to the common G o o potential, this interaction scheme reduces the population of conformations with energies intermediate between those of the ground state and the fully unfolded state (Fig. 14, upper panel) . Therefore, this model corresponds also to a near-Levinthal scenario with enhanced thermodynamic cooperativity. Its physics is qualitatively similar to that in Fig. 1 . Consistent with the expected correlation between thermodynamic and kinetic cooperativity, the lower panel of Fig. 14 shows that the chevron plot of this model exhibits a quasilinear regime that extends to a native stability DG f ÿ10 k B T (compare to Ref. 25) .
Conversely, Fig. 15 suggests that two-state-like kinetic cooperativity is unlikely in the absence of a high degree of thermodynamic cooperativity. The thermodynamic folding-unfolding transition of this lattice side-chain model has been shown to be sharper than that of the corresponding main-chain-only model, offering much insight (35) . However, perhaps because of its short chain length, this particular side-chain model has also been demonstrated to fall short of meeting the calorimetric two-state criterion (25) (compare to Figs. 9 and 11 d of Ref. 71) . Now, consistent with the expected correlation between thermodynamic and kinetic cooperativity, the severe chevron rollovers in Fig. 15 means that the folding kinetics of this model is not two-state-like. Several different definitions of folding and unfolding were explored. In all cases considered, folding rate decreases as the model protein becomes more stable as ÿe/k B T takes increasingly more negative values than that of the transition midpoint as defined by the model's heat capacity peak (vertical line at e 3.75 k B T). Since the interactions in this model are temperature independent, native stability (ÿDG f ) must increase monotonically with more negative values of ÿe/k B T, even though this dependence may not be linear. Therefore, irrespective of the exact form of DG f 's dependence on e/k B T, this model predicts a decreasing folding rate with native stability increasing from the transition midpoint. This behavior is qualitatively similar to that of an earlier three-dimensional, two-letter, main-chain-only model, but is different from the experimental behavior of many small, single-domain real proteins (2) . As noted before, however, not all proteins fold in an apparent twostate manner. In this regard, thermodynamically less cooperative models such as the one in Fig. 15 can be extremely useful for elucidating the folding/unfolding kinetics of thermodynamically non-two-state proteins, including those in the hypothesized yet controversial scenario of ''downhill'' folding (72) (73) (74) (75) (76) (77) (78) (79) .
CONCLUDING REMARKS
The focus on cooperativity and many-body interactions (2) has been increasingly sharpened in recent experimental (80, 81) and theoretical (82) investigations of protein folding. Here we have shown that a continuum protein chain model (the scaled model) that imparts extra favorability to the native state as a whole can lead to chevron plots with extended quasilinear regimes. As well, kinetic cooperativity is seen to increase with desolvation barrier height in a class is initiated from a random conformation, and is completed when Q ¼ 1. Besides the interaction scheme, the chain move set and other aspects of the kinetic model are identical to that in Kaya and Chan (25) . Unfolding (solid circles) is initiated from the Q ¼ 1 ground-state conformation, and unfolding first passage is achieved when Q # 3/28. Each MFPT datapoint is averaged from 100 trajectories. The V-shaped lines is a hypothetical chevron plot consistent with the thermodynamic free energy difference between the folded (Q ¼ 1) and unfolded (Q # 3/28) conformations. Thermodynamic stability is estimated by standard Monte Carlo histogram techniques based on sampling at e/k B T ¼ ÿ1. 35 . The arrow marks the interaction strength at which DG f ¼ ÿ10 k B T. of models that embody pairwise desolvation barriers. These findings suggest that desolvation barriers are a major contributor to protein folding cooperativity (50) , and that part of the physical mechanisms for apparent two-state folding may also lie in a partial separation of kinetic driving force for folding on one hand, and the interactions that stabilize the protein native state against unfolding on the other (25) . This study is largely limited to native-centric approaches. In the future, it would be extremely instructive to pursue the same fundamental issues using more sophisticated chain representations and general, non-nativecentric potential functions (e.g., Refs. [83] [84] [85] .
Cooperativity is closely related to temperature effects in protein folding (see, e.g., Ref. 86) . A simple approximate mathematical relation entailing a high intrinsic enthalpic barrier DH i z that links isostable folding rates under different temperature/denaturant conditions has been shown previously to hold for several apparent two-state proteins. Here we develop a generalized formulation for this empirical observation, and discover that an extension of this relation is likely to apply to barnase as well. This finding, which links Eyring and chevron plots by a single enthalpic term, suggests that the existence of a high isostable DH i z may be a robust feature for at least some non-two-state as well as two-state folders. As is evident from previous lattice efforts (33) , this generic protein property should be amenable to rationalization through modeling. However, simple extensions of several common continuum native-centric G o o-like models are found to be insufficient to reproduce this experimental behavior, suggesting that more sophisticated approaches will be needed. The physics of this remarkable yet seldom explored regularity in protein folding remains to be better understood.
